The present study investigates how the sawdust material affects the biological treatment and biological clogging in porous media.
In many cases microbial metabolism is limited by the availability of electron donors (organic matter). In the porous media flow path, the following sequence of processes can be observed:
aerobic reaction, denitrification, Mn-(IV)-reduction, Fe (III)-reduction and sulfate reduction (Lensing et al. 1994) . The abundance and availability of organic substrates, inorganic nutrients and terminal electron acceptors are the primary factors influencing the distribution and activity of microbial populations in the porous media. Microbial activity in the porous media is mainly driven by the net decomposition of available organic carbon, which provides the micro-organisms with the energy, nutrients and electrons they need to synthesize biomass and sustain life functions (Hunter et al. 1998 ). However, carbon source feeding is required to maintain biological activity inside the porous media. Research is currently focusing on the use of low cost commercially available organic materials as viable substitutes for carbon; in fact, sawdust, a relatively abundant and inexpensive material, has been extensively investigated as an adsorbent for removing contaminants from water (Shukla et al. 2002) .
Biological clogging may reduce the success of biological treatment because contaminated parts of a porous media can clog due to bacterial growth and rates of degradation can decrease (Baveye et al. 1998) . Numerous studies reported a significant reduction of hydraulic conductivity due to biological clogging (Thullner et al. 2002; Thullner et al. 2004; Seki et al. 1996; Seki and Miyazaki, 2001; Seifert and Engesgaard, 2007) . Gupta and Swartzendruber (1962) conducted column experiment with sand and observed that the hydraulic conductivity decreased remarkably when bacterial number exceeded 4 x 105 per gram of sand by the dilute plate counting method. Taylor and Jaffe (1990) conducted column experiment with a constant influx. Reduction in hydraulic conductivity by three orders of magnitude was observed. Seki et al. (1996) carried out a series of column experiments and reported that reduction in hydraulic conductivity was observed with an increase of biomass. In addition to these column studies Thuliner et al.
(2002) investigated bacterial growth and its influence on hydraulic properties of pore networks.
They observed that the hydraulic conductivity decreased by at least two orders of magnitude. Cunningham et al. (1991) A number of studies on the contaminants removal from water using sawdust as a matrix have been reported (Shukla et al. 2002; Schipper and Vukovi6, 2000; Schipper et al. 2005; Zavala et al. 2004 ). Sawdust can be used for the removal of nitrate from water; for example, denitrification walls amended with sawdust are effective in nitrate removal (Schipper and Vukovi6, 2000) . The denitrification wall was constructed by digging a trench that intercepts groundwater. The excavated soil was mixed with sawdust 30 % as a carbon source and then returned to the trench. Nitrogen levels in the wall and in the surrounding groundwater were monitored for one year. Successful nitrate removal from groundwater has been demonstrated in porous wall amended with sawdust.
Another report (Ajmal et al. 1998) showed that the efficiency of the removal of copper from real river water using sawdust was 63 %, and it was thus concluded that the sawdust is excellent adsorbent for copper removal from aqueous solution.
Sawdust material has proven to be a promising material for removal of contaminants from wastewater. Sawdust is not only abundant but also it is an efficient and economic adsorbent that is effective to many types of pollutants, such as dyes, oil, salts and heavy metals (Shukla et al. 2002) .
In the present study, our previous research (Eljamal et al. 2007 ) on the simulation of solute transport and bioremediation processes was used as basis for developing the model to include biological clogging possesses. The purpose of this study is to (i) develop a mathematical model for simulating the solutes transport and biological treatment with biological clogging processes in porous media using soilsawdust as a matrix; (ii) investigate the biological removal of nitrate and sulfate from secondary wastewater and biological clogging processes in soil-sawdust column; (iii) evaluate and calibrate the mathematical model using the laboratory soil-sawdust column experiments.
Conceptual model
This study discusses on the simulation of reaction part in the porous media can be written as (Bear, 1972) The exchange of solute between the bio phase and the matrix phase S3 is simulated using:
where vde, is the constant decay rate.
It is known that the bacteria uses only dissolved organic carbon chemically defined as CH2O and the utilizable portion of dead bacteria as electron donors (Lensing et al. 1994 ). The oxidation of organic carbon is paralleled by a sequence of reduction reaction which is presented in Table 1 after Christensen et al. (2000) . The principal pathways of electron acceptors are aerobic respiration, denitrification, manganese reduction, iron reduction and sulfate reduction. We consider five redox reactions mediated by four where Chi, and Gnat are the concentrations of solute in the bio phase and in the matrix phase respectively, a, /3 and y are the exchange coefficients between the phases, eo is the initial porosity, a is the diameter of uniform soil particle and Obi°, 0 mat and O. are the specific volume of bio, matrix and mobile phases respectively.
3.3
Bacterial growth model
The bacterial growth considered in the model is assumed to reside only in the bio phase. where [CH2O]y,, is the sawdust concentration of organic carbon in matrix phase, R is the available organic carbon coefficient, MCH2 0 is the mass of carbon and e, is initial the porosity.
. 5 Biological clogging model
In order to simulate biological clogging effects, we have adopted the macroscopic approach, which makes no assumptions about the bacterial growth distribution. The changes in porosity are calculated by converting bacterial growth distribution along the depth into volume, which directly reduce the porosity. The fraction of total volume occupied by bacterial growth can be written as (Hirano et al. 1998; Fujii et al. 2002) . The hydraulic conductivity is assumed to be a function of porosity. In the model relation between hydraulic conductivity and porosity is formulated by Kozeny-Stein equation (Itoi et al. 1987; Fujii et al. 2002) :
The bulk hydraulic conductivity of the column can be written as (Maruyama et al. 1992 ).
where V is the total volume of bacterial growth, e, is the initial porosity before filtration, e is the porosity after filtration, Q, is the weight fraction of clogged or deposited material (Qs =A X),
A is the coefficient of deposition, X is the concentration of bacteria concentration, pm is the density of soil-sawdust material, ps is the density of clogged or deposited material, f, is the secondary porosity of the deposited material, K is the hydraulic conductivity of the clogged porous medium, Ko is the hydraulic conductivity of the clean porous medium, K is the bulk hydraulic conductivity, K is the hydraulic conductivity of segment, L is the total length of soil layer, is the length of segment.
. 6 Model structure
The one-dimensional model solves a system of equations that consists solute transport equa- The wire mesh and the filter paper were placed at the bottom of each column as shown in Fig. 3 . The top and the bottom of the column were closed using glass transparent resin plates with tubes inserted for flow inlet and flow outlet. Measuring hydraulic head gradient points were placed at depths of 0, 5, 10, 20, and 30 cm. The columns were packed to a height of 30 cm with soil and sawdust. The first column was packed with 100 % soil while the second column was packed with a mixture of sawdust (50 %) and soil (50 %). The secondary wastewater was constantly supplied at the top of the two columns for 56 days. Influent and effluent samples were collected daily in glass bottles and then chemical concentration was measured. Secondary treated municipal wastewater supplied from Wajiro wastewater treatment plant, the soil was collected from actual paddy field and sawdust was collected from local wood factory in Fukuoka City, Japan. Table 2 Table 3 . Bacterial growth is described with Monod-type kinetics. The maximum growth rates yield coefficients, inhibition constant and constant decay rate of all bacterial groups are presented in Table 4 . Decay of bacteria is simulated by a constant decay rate. The decay rate is set to 15 % of the maximum growth rate. The yield coefficients of the different bacterial groups were chosen according to the energy gain of the mediated redox reaction. (Lensing et al., 1994) . Therefore the yield coefficient is highest for the aerobic bacteria and lower for the anaerobic bacteria. The discretization of column, hydraulic parameters and exchange coefficients are presented in Table 5 .
The discretization is chosen such as it meets numerical stability and accuracy criteria (Courant number= (v 01 Ax 1, grid number=Ax/a 2).
The pore water velocity of the columns was cal- 
Hydraulic conductivity
The variation of bulk hydraulic conductivity during the experiment is shown in Figure  8 . The model simulation results show that the top 10 cm of soil-sawdust are most important for reduction of hydraulic conductivity. Hydraulic conductivity reduced at the top of column, which is due to the higher growth of aerobic bacteria at the top of columns Figure 10 shows the effect of the weight fraction Qs on hydraulic conductivity ratio. The increase of the value of total weight fraction causes a decrease in the hydraulic conductivity ratio. Moreover, the figure shows rapid decrease in hydraulic conductivity ratio for the column packed with soil and smooth decreases in hydraulic conductivity ratio for the column packed with soil-sawdust, as we mentioned before that is due to the larger size of sawdust particle and the degradation of sawdust during the running time. Figure 11 also shows the reduction of hydraulic conductivity as a function of porosity.
Moreover
The simulation result showed that the decrease in porosity causes a decrease in the hydraulic conductivity.
. Conclusions
The results from this study show that it may generally be possible to simulate the laboratory experimental data with a mathematical numerical model. A detailed comparison between the experimental data and the simulation results showed that good agreement was obtained. The results from the laboratory column experiments showed a higher hydraulic conductivity is obtained and significant reduction in nitrate and sulfate concentrations when sawdust was used as a carbon source than for the pure soil, which may be due to the higher particle size of sawdust and sawdust degradation during the running time. 
